A scarcity of genomic data hinders progress in understanding gene expression of Pomacea canaliculata embryogenesis. This study used RNA-Seq (Illumina) to characterize gene expression across four stages of embryo development of P. canaliculata from early stage II (endoderm formation) to later stage V (appearance of shell pigmentation). A total of 35,100 unigenes were annotated and gene expression patterns were considered in relation to organogenesis of albumen gland, nervous system, circadian rhythm, immune system and shell formation. This is the first use of next-generation sequencing to catalogue gene expression in the developing embryo of P. canaliculata and provides primary data for future molecular ecological studies of this invasive snail.
INTRODUCTION
The apple snail Pomacea canaliculata is the only freshwater snail listed among the 100 worst invasive species worldwide (Dreon et al., 2014) . The species originates from South America, but is now found in North America, Asia and Europe (Accorsi et al., 2017) . Large size and great appetite for aquatic plants make P. canaliculata a threat with potential ecological and economical risks because of damage to wetlands and crops (Youens & Burks, 2008; Hayes et al., 2012) . Additionally, P. canaliculata is the intermediate host of the nematode Angiostrongylus cantonensis, which is responsible for potentially lethal encephalitis (Lv et al., 2009; Song et al., 2016) . At present there are no accepted and efficient strategies for controlling the spread of P. canaliculata. The understanding of molecular processes underlying embryonic development may contribute to the generation of efficient and reliable molecular tools to control this invasive snail.
Successful establishment in invaded areas may relate to features of P. canaliculata including highly effective mechanisms to deal with adverse environments and natural predators. Notably, the reproduction of P. canaliculata involves deposition of hundreds of bright pink or reddish coloured egg masses above water. The calcareous egg shell and a neurotoxin-like protein in the perivitelline fluid are successful mechanisms to deal with environmental stresses such as UV radiation and predators (Frassa et al., 2010; Sun et al., 2012) . The process of embryonic development in P. canaliculata is not well understood. Previous studies have emphasized the nutritional and protective functions of perivitelline fluid protein, but little is known about the gene-expression patterns during embryonic development. Similar to most other gastropods, the embryonic development of P. canaliculata includes the formation of a shell. The process of shell formation involves changes in body shape and deposition of minerals and pigments in a matrix of proteins (Liu et al., 2007) .
The dramatic changes during embryonic development require expression and action of many genes, which coordinate and modulate various developmental events (Jackson, Worheide & Degnan, 2007) . Previous investigations of embryonic development in marine bivalves, including scallop and oyster species, have identified genes, involved in organogenesis, shell formation and utilization of nutrients (Cannuel & Beninger, 2006; Naimi et al., 2009a, b) . The sequencing of several molluscan genomes has been accomplished, including those of Lottia gigantea, Crassostrea gigas and Aplysia californica. The availability of these resources provides opportunities to perform comparative and genome-wide analyses of development on a transcriptional level.
Application of transcriptomic technologies provides insight into the spatial and temporal dynamics of gene expression during consecutive stages of embryonic development, revealing details of gene regulation. This approach has been applied to study the embryos of several species of molluscs, such as the clam Meretrix meretrix (Huan, Wang & Liu, 2012) and the gastropods A. californica (Heyland et al., 2011) and Ilyanassa obsoleta (Lambert et al., 2010) .
This study uses the Illumina HiSeq 4000 platform to construct a database representing an annotated transcriptome assembly for developing P. canaliculata embryos. These transcriptome data should provide a resource for future research on P. canaliculata embryonic development.
MATERIAL AND METHODS

Egg incubation and embryo collection
Eggs clutches laid by Pomacea canaliculata were collected from a laboratory aquarium (South China Agricultural University, Guangzhou, People's Republic of China) and incubated at 25°C.
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Each day, shells of some eggs from individual clutches were broken using forceps to obtain embryos for microscopic identification of the stage of development (based on previous studies of Koch, Winik & Castro-Vazquez, 2009; Sun et al., 2010;  Fig. 1 ). We analysed embryonic development at stage II (endoderm formation), stage III (internal and external organs formed), stage IV (shell formation) and stage V (appearance of shell pigmentation). Developing embryos that had reached the desired stage were placed in tubes and snap-frozen in liquid nitrogen. Samples were stored at −80°C before the experiments described below.
Transcriptome sequencing and de novo assembly
Total RNA was extracted from each sample separately, using TRIzol Reagent (ThermoFisher), according to the manufacturer's instructions. After treating total RNA samples with DNase I (TaKaRa), oligo(dT)-absorption (ThermoFisher) was used to isolate mRNA. The mRNA was fragmented by mixing with the fragmentation buffer and cDNA libraries (NEBNext ® Ultra™ RNA Library Prep Kit) were synthesized from the mRNA fragments. Quality control and quantification of the sample libraries employed an Agilent 2100 Bioanalyzer and the ABI StepOnePlus Real-Time PCR System. The resulting libraries were sequenced (paired ends and select cDNA fragments preferentially of 200-250 bp in length) using an Illumina HiSeq 4000 platform.
Low-quality raw reads (containing adaptors or with high content of unknown base calls) were identified using cutadapt software (Grabherr et al., 2011) . High quality reads of each sample were assembled using Trinity software (Haas et al., 2013) and Tgicl (Pertea et al., 2003) to cluster transcripts to unigenes. The clustered unigenes were compared to SILVA (Quast et al., 2013) ribosomal RNA databases to exclude those matching rRNA sequences (score > 60).
Functional annotation of unigenes
The unigenes of the transcriptome datasets were annotated using Blast (Altschul et al., 1990) to nr GenBank database, eggNOG, KEGG and Swissprot. Blast2GO (Conesa et al., 2005) and Interproscan5 (Quevillon et al., 2005) were used for GO annotation and Interpro annotation. For transcriptome analysis, clean reads were mapped to unigenes using Bowtie2 (Langmead & Salzberg, 2012) and gene expression levels were calculated according to a previous study using the RSEM method that quantifies total expressed transcripts with the TPM (transcripts per million) value (Li & Dewey, 2011) . Then PCA analysis was performed using all samples with 'princomp', a function of R software. Differentially expressed genes (DEG) were detected with PossionDis as described by Audic & Claverie (1997) .
RESULTS AND DISCUSSION
We used Illumina next-generation sequencing technology to record gene expression patterns during the embryonic development of Pomacea canaliculata. All of the clean reads have been deposited in the NCBI SRA database under accession number SRX2538617. Transcriptome assembly yielded 241,904 highconfidence unigenes with average length 792 bp. Removal of short sequences (<500 bp) yielded 35,100 unigenes. Using six different approaches (NCBI-nr, Swissprot, eggNOG, Interpro, GO and KEGG) provided computational annotation for 31,475 (71.68%) unigenes (Supplementary Material). The taxonomic distribution of best matches indicated that greater than 81% of annotated sequences best matched with molluscan species.
Gene ontology (GO) analysis assigned annotated unigenes to the first-level GO categories of biological process, cellular component and molecular function, respectively (Fig. 2) . The most abundant second-level terms are cellular process (38.62% of annotated unigenes) and metabolic process (34.23%) for the biological process category, membrane (25.14%) and membrane part (14.58%) for the cellular component category, and binding (53.93%) and catalytic activity (35.60%) for the molecular function category.
At present, the genetic foundation, factors and molecular mechanisms that drive the progression of stages in embryonic development of P. canaliculata are mostly unknown. Comparative analysis of gene-expression levels will extend our knowledge and understanding of growth and development-related unigenes. Annotation of DEGs provided the five most enriched GO terms for each stage of development (Table 1) . Between stage II and stage III, when the embryo transitions from endoderm formation to the onset of organogenesis, the most abundant DEGs are associated with receptor activity of molecular function. At stage IV (when most external and internal organs are fully formed), the most highly expressed DEGs relate to metabolic processes. Figure 2 . GO classification of unigenes. X axis represents percent of unigenes. Y axis represents GO term. Because one unigene can be attributed to more than one term, the sum of all terms is larger than 100%.
Based on differential expression patterns among developmental stages, unigenes that are of interest for the study of embryonic development of P. canaliculata were identified ( Table 2 ). The albumen gland of P. canaliculata secretes perivitelline proteins, including perivitelline ovorubin proteins (Sun et al., 2012) , that surround the developing embryo. These proteins not only provide all nutrients and energy for embryonic development, but also protect the eggs from environmental stressors and predators (Dreon et al., 2004; Heras et al., 2008; Dreon, Ituarte & Heras, 2010) . Three ovorubin-encoding genes (perivitellin ovorubin-1, perivitellin ovorubin-2, perivitellin ovorubin-3) were highly expressed in stage II, with expression levels decreased significantly in the three later stages. The underlying mechanism is unclear, considering that in animals the maternal factors that contributed to the egg cytoplasm initially control development, while the zygotic nuclear genome is quiescent. Subsequently, the genome is activated, embryonic gene products are mobilized and maternal factors are cleared (Lee, Bonneau & Giraldez, 2014) . The high expression of perivitellin ovorubin protein-encoding genes during early embrogenesis suggests that the embryos may either receive mRNA transcripts from the parent to maintain a certain level of defence, or that the embryos transcribe and translate genes to contribute to their own defence against predation, in addition to that from parentallyprovided perivitellin ovorubin proteins.
G protein-coupled receptors (GPCRs) constitute a vast protein family that encompasses a wide range of functions, including various autocrine, paracrine and endocrine processes. Based on considerable diversity at the sequence level, GPCRs can be separated into distinct groups (Vassilatis et al., 2003) . Many rhodopsin-like GPCRs (GPCRA) genes were differentially expressed during embrogenesis. GPCRA represent a widespread protein family that includes hormone, neurotransmitter and light receptors, all of which transduce extracellular signals through interaction with guanine nucleotide-binding proteins. Visual pigments (opsins) are the light-absorbing molecules that mediate vision. In the central nervous system, 5-hydroxytryptamine (5-HT) or serotonin receptors can influence various neurological processes, such as aggression, anxiety and appetite and, as a result, these are the target of a variety of pharmaceutical drugs, including many antidepressants, antipsychotics and anorectics (Nichols & Nichols, 2008) . Neuropeptide FF receptors (Parker et al., 2000) belong to a family of neuropeptides containing an RF-amide motif at their C terminus, which have a high affinity for the pain modulatory peptide neuropeptide NPFF (Elshourbagy et al., 2000) . GPCRs are major drug targets and may also be a target for control of P. canaliculata development.
Cytochrome P450 enzymes are a superfamily of haem-containing mono-oxygenases that are found in all kingdoms of life and show extraordinary diversity in their reaction chemistry. Cytochrome P450 enzymes are important for the detoxification and clearance of various xenobiotics compounds. We identified about 60 unigenes encoding cytochrome P450 enzymes and were able to identify six that were differentially expressed during embryo developing. These findings indicate the potential for rational design of selective molluscicides-for example, by inhibiting unique cytochrome P450s or by activation of the molluscicide by cytochrome P450s only expressed in P. canaliculata juveniles (Adema et al., 2017) .
The nervous system appears at early developmental stages in bivalves (Dyachuk, 2016) . Ninjurin (nerve injury-induced protein) is involved in nerve regeneration (Araki & Milbrandt, 1996) and we found ninjurin genes up-regulated in stage III embryos. Antibodies raised against serotonin(5-HT) and FMRFamide have proved to be especially useful as markers for the ganglia and major pathways of developing nervous systems, and imunohistochemical studies using antibodies against various neurotransmitters have also detected the development of nervous systems in early embryonic stages of gastropods (Barlow & Truman, 1992; Dickinson, Nason & Croll, 1999; Dickinson & Croll, 2003) . Shell formation is important for molluscan development and begins at an early stage, e.g. the shell of Ostrea edulis first begins to form in the gastrula (Medaković et al., 1997) . Several gene products related to shell formation and growth have been characterized, like calponin, Perlucin 1, calmodulin and ferritin (Fang et al., 2008; Wang, Liu & Xiang, 2009 ). Analysis of nervous system and shell formation genes present possible targets for control of invasive molluscan species like P. canaliculata.
Invertebrates rely on innate immunity for their internal defence against pathogens. Lectins play an important role in gastropods for recognition and clearance of invaders (Bulat et al., 2016) . Our analyses revealed a diversity of lectins that are differentially expressed during embyonic developing, including C-type lectins, I-type lectins, F-type lectins, Ricin_B_lectin and Gal_Lectin.
A voracious appetite for aquatic plants renders the invasive P. canaliculata an ecological and economic threat in wetlands and crop fields (Youens & Burks, 2008; Hayes et al., 2012) . The degradation of cellulose and xylans by the digestive system of P. canaliculata requires several types of enzymes (Gilkes et al., 1991) . Expression of several cellulases was up-regulated in the later stages of embryonic development, such as endoglucanase 20, endo-beta-1,4-glucanase and cellulase EGX3. In addition, the titin gene is a critical contributor to muscular contraction (Heyland et al., 2011) . Clk is a clock gene and modification of expression of clock genes may interrupt the circadian rhythm of P. canaliculata and affect feeding and egg-laying (Adema et al., 2017) . In summary, we conducted a large-scale RNAseq analysis of the developing embryo of P. canaliculata. Analysis of the sequences recorded identified several DEGs with functions that likely relate to albumen gland, nervous system, circadian rhythm, immune system and shell formation. These transcriptome data will provide fundamental information for molecular ecological studies of the invasive freshwater snail P. canaliculata.
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